those of a disease state, the breath test also allows for longitudinal studies of changes in gastric emptying in the same mouse due to age or disease progression. [ 13 C]-octanoic acid as a tracer to determine gastric emptying is effective because the rapid absorption in the duodenum, metabolism to 13 CO 2 in the liver and excretion through the lungs makes gastric emptying the rate limiting step in breath excretion. 2, 7 Our research group has used this test to evaluate gastric emptying in mice in several disease models, most commonly diabetic gastroparesis. [11] [12] [13] [14] [15] [16] [17] [18] [19] Utilizing off axis-integrated cavity output spectroscopy (OA-ICOS) with a multiple input unit to measure 13 CO 2 , mitigates the need to concentrate air samples, thus increasing temporal resolution and throughput of data. Thus, the first aim of this study is to validate the responsiveness and reliability of OA-ICOS by pharmacologically accelerating and delaying gastric emptying.
Occasionally during a gastric emptying breath test, there is evidence for a second phase of gastric emptying, which appears as a second peak in the plotted data. 2 Originally, we applied a single gamma variate model that was used for human solid gastric emptying but had been developed by Symonds et al for gastric emptying in mice. 2 This model allowed us to obtain a T 1/2 (time to half emptying), but was still relatively weak in fitting later time points of a study and could not adapt to the presence of a second peak. We have developed two models 20 to eliminate these weaknesses: a stretched gamma variate model (GVS) and a two-component stretched gamma variate model (GVS2) that could be used with two peak curves. Now that this second phase of gastric emptying can be properly fit, there is the ability to study the underlying physiological basis for its presence. Thus, the second aim of this study was to test the physiological or pathological factors that affect the development of the second peak.
| MATERIAL S AND ME THODS

| Animals
Virgin female NOD/ShiLtJ, Balb/cJ, B6;C3Fe a/a-Csf1<+>, and C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) purchased at 6 to 8 weeks of age were used in this study. The estrous cycles of mice were not accounted for in this study. Mice were housed in a room maintained at 20-23°C with a 10 to 14 h light-dark cycle. Cages were cleaned weekly for non-diabetic mice and daily for diabetic mice; diabetic mice were housed individually or in pairs. Gastric emptying was determined weekly, starting at 6-8 weeks of age. Some mice were exposed to a cold stress test, which has been demonstrated to significantly accelerate gastric emptying. 21, 22 Cages containing these mice were placed in a 4°C walk-in refrigerator for a period of 15 min ending 30 min prior to testing. Drugs or vehicle controls were delivered to mice via intraperitoneal (i.p.) injection 30 min prior to testing with the exception of PYY (Tocris, Avonmouth, Bristol, UK) and its vehicle, which were administered 60 minutes into a solid gastric emptying test. The volume of i.p.
injections were adjusted to 10 mL/kg according to the weight of each animal. All protocols were approved by the Mayo Clinic Institutional
Animal Care and Use Committee.
| Gastric emptying
Mice were fasted overnight (no more than 16 h) on a metal mesh bottom with free access to water. At the time of testing, mice were placed in a non-restraining, clear chamber they had previously been habituated to over a 2-week period. The chamber was connected to a house hydrocarbon free air source (approximately 500 ppm CO 2 ) at a flow rate controlled so that CO 2 concentrations exiting the chamber were maintained between 1000 and 1500 ppm. Two to four periods of collection (every 5 min) were used to establish baseline readings before receiving 
| Diabetes
Previous studies from our group have demonstrated delayed or accelerated gastric emptying in various models of diabetes. 14, 15, 17 All data from these studies were stored in our custom Electronic Animal
Research Record (EARR) relational database. This affords us to retrospectively analyze these data using our newly developed LINUXbased software. 20 We randomly retrieved data from two different mouse models of diabetes, NOD/ShiLtJ and B6;C3Fe a/a-Csf1<+>, from the database using search criteria of diabetic (>250 mg/dL), non-diabetic (<150 mg/dL), and normal vs delayed gastric emptying using criteria set by the published study. 12, 14 To increase the power of the contingency tests, gastric emptying tests from B6;C3Fe
Key Points a/a-Csf1<+> and NOD/ShiLtJ mice from more recent unpublished studies were also included in our analysis.
| Corticosterone measurements
Either immediately following a 4-hour gastric emptying test, or at the same time of day (1 pm) from animals within their home cages, 100 μL of blood was obtained by laceration of the submandibular veins. Serum samples were analyzed by ELISA (Assaypro LLC, St.
Charles, MO) according to the manufacturer's instructions. 
| RITC-dextrose transit
| Data analysis
Output tables generated by the CO 2 analyzer containing delta 13 C values, the sampled chamber and time, were analyzed using a custom Linux based system described previously. 20 Only the empirical models GVS and GVS2 were used for this study. The GVS model produced output values of T 1/2 , the time (min) to half emptying, T lag , the time (min) to peak gastric emptying, and Max R, or maximal rate of 13 CO 2 production. In addition to these three variables, GVS2 produced T peak2 , the time (min) to the second peak. The preferred model for each gastric emptying curve was determined by which had the lowest corrected Akaike Information Criterion (AIC c ). As described previously, overfitting by GVS2 despite a lower AIC c was revealed by either peaks that had a half width of less than 24 min or by an output value of 0.00 min for T peak2 . In these cases, GVS was selected as the preferred model.
| Statistical analyses
Contingency tables of GVS vs GVS2 were analyzed using a Fisher's exact test for two groups and chi-square with 3 or more groups.
Comparisons in continuous value data sets were made using a two- Atropine significantly accelerated liquid gastric emptying of the
to vehicle control (saline, i.p.) (T 1/2 = 37 ± 7 min, N = 6, P < .05 Paired t test). There was no difference in the rate of liquid emptying of 
| Two peak analysis of gastric emptying curves from diabetic animals
The recently developed tool for analysis of gastric emptying data 20 is able to detect two-peak gastric emptying curves that may be an indication of saltatory rather than steady-state emptying. We tested the hypothesis that delayed gastric emptying in diabetic mice is associated with an increased occurrence of two peak gastric emptying Resistant groups. The T peak2 values, however, were not different between the three groups, suggesting diabetic induced GE in NOD/ ShiLtJ mice does not affect the second peak (Table 1) .
Normal T 1/2 ranges for B6; C3Fe a/a-Csf1<+> have previously been reported. 15 5-6 weeks following streptozotocin-induced diabetes, 30%-35% of diabetic animals developed delayed gastric emptying. 15 A T 1/2 of 119 min was used to separate diabetic B6;C3Fe a/a-Csf1<+> mice (n = 38) into two groups, Resistant (n = 22; 58%;
T 1/2 ≤ 119 min) or Delayed (n = 16; 42%; T 1/2 > 119). A single gastric emptying curve was analyzed for each mouse. There were significantly more gastric emptying curves better fit by GVS2 in Figure 2B ). While the T 1/2 , T lag , and R values were all slower in the Delayed group compared to the Resistant group, there was no difference in the T peak2 value between these two groups of mice (Table 2 ). Representative onepeak ( Figure 2C ,D) and two-peak ( Figure 2E ,F) gastric emptying curves for Resistant ( Figure 2C ,E) and Delayed ( Figure 2D ,F) mice demonstrate that delayed mice tend to have a greater proportion of total emptying that occurs during a second phase that happens at the same time.
| Strain differences
Recent studies in our group have begun using transgenic animals on a B6 background. In our initial testing of some of these mice,
we noted that gastric emptying appeared both delayed and more variable in C57Bl/6J mice compared to Balb/cJ. Figure 3A demonstrates the mean T 1/2 values for C57Bl/6J mice tested over time.
The coefficient of variation over time for these mice was 0.11.
To test if there were differences in gastric emptying between these two strains of mice, we analyzed 34 gastric emptying tests F I G U R E 2 Two-phase gastric emptying does not contribute to diabetic gastroparesis. (A), The proportion of gastric emptying tests better fit by the GVS2 model (light gray; two peak) than the GVS model (dark gray; one peak) were not different in NOD/ShiLtJ mice that remained non-diabetic, were diabetic and had normal gastric emptying (resistant), or were diabetic and exhibited delayed gastric emptying (P > .05, Chi-Square).
(B), In B6;C3Fe a/a-Csf1<+> treated with streptozotocin (STZ), there was a greater proportion of gastric emptying tests better fit by the GVS2 model (light gray; two peak) than the GVS model (dark gray; one peak) in delayed vs resistant mice (*P < .05, Fishers Exact Test). Representative data from individual gastric emptying experiments that were better fit with the GVS model (C and D) or GVS2 model (E and F) for STZ-treated B6;C3Fe a/a-Csf1<+> mice with normal (C and E) or delayed (D and F) gastric emptying illustrates the similarities between one-peak and two-peak curves for delayed vs resistant mice TA B L E 1 Gastric emptying parameters for NOD/ShiLtJ mice from 12 Balb/cJ mice and 27 tests from 9 C57Bl/6J mice using our Linux-based analysis tool. Figure 3B demonstrates the overall T 1/2 for C57Bl/6J strain was 186 ± 17.3 min and 91 ± 8.2 min for Balb/cJ (P < .0001, unpaired T test). Significant differences were also observed in the T lag , T peak2 and R values between the two strains of mice (Table 3) . A greater proportion of the gastric emptying curves were better fit by the GVS2 model in C57BL/6J mice (15/27; 56%) compared to Balb/cJ mice (9/34; 26%; P < .05, Fishers Exact Test; Figure 3C ). Representative curves fit with the GVS2 model for each strain demonstrate the differences between strains of the second peak that is reflected in the T peak2 value ( Figures 3D,E ).
An alternative method of gastrointestinal transit was used to validate these strain-related differences revealed by the breath test: the distribution of fluorescent 10 kDa dextran mixed in with the normal egg yolk meal. Four hours after ingestion, the GI tract was removed from C57Bl/6J (n = 9) and Balb/cJ (n = 12) mice and the percent of total tracer was calculated for each of the five gastrointestinal regions ( Figure 4A ). There was a significant difference in the distribution of RITC-dextran between strains, with the dextran traveling farther in Balb/cJ mice (P < .05, 2-way ANOVA). The region with the largest difference in percent of total tracer observed between the 2 strains was the cecum (B6: 26.1 ± 2.1%; B/c: 59.5 ± 6.8%, mean ± SE, There are well known differences in immune and physiological processes between C57Bl/6J and Balb/cJ mice, including stress [31] [32] [33] that is well known to modulate gastric emptying. 34 Blood corticosterone levels were tested as a quantitative measure of stress from three groups of mice: baseline C57Bl/6J mice that did not undergo gastric emptying and C57Bl/6J and Balb/cJ mice that underwent gastric emptying. We did not test baseline Balb/cJ corticosterone levels but based on published studies 35 we anticipate these values to be near or below the baseline C57Bl/6J mice. The average basal measurement for C57Bl/6J mice (n = 5) was 64 ± 10.0 ng/mL (mean ± SE). A post-GE measurement for both C57Bl/6J (n = 9; 302 ± 27.1 ng/mL, mean ± SE)
and Balb/cJ (n = 6; 210.97 ± 69.2 ng/mL, mean ± SE) strains showed an increase in corticosterone levels from basal for the C57Bl/6J mice (P < .05, ANOVA, Neuman-Keuls Multiple Comparisons test), but no difference between the two strains (P > .05, ANOVA, Neuman-Keuls Multiple Comparisons test, Figure 4B ). In addition, there was no correlation between post-GE levels of corticosterone and the T 1/2 obtained (P > .05, Pearson Correlation, Figure 4C ).
| Effect of meal size on gastric emptying in C57BL/6J mice
In an attempt to reduce the presence of two-peak gastric emptying curves for C57Bl/6J mice, the size of the egg meal was reduced to 0.1 g. 30 gastric emptying tests were analyzed from nine C57Bl/6J mice for each of the 0.2 and 0.1 g egg meals. Gastric emptying was accelerated with the 0.1 g egg meal (T 1/2 = 124 ± 6 min) compared to the 0.2 g meal (T 1/2 = 184 ± 16 min, P < .001, unpaired t test; Figure 5A ). In addition, the time to reach the first peak (T lag ) was faster with the 0.1 g egg meal ( Table 4 ). The smaller meal size did not significantly reduce the proportion of two-peak curves because 12
curves (40%) with the 0.1 g egg meal and 17 curves (57%) with the 0.2 g egg meal were better fit by the GVS2 model (P > .05, Fisher's Exact Test; Figure 5B ). These results suggest that while reduced meal size may accelerate the rate of gastric emptying closer to that of Balb/cJ mice, two-peak curves may be a fundamental part of emptying in some C57BL/6J mice.
TA B L E 3
Gastric emptying parameters for Balb/cJ and C57BL/6J strain mice 
| Effect of PYY on gastric emptying in Balb/cJ mice
Two peak gastric emptying may involve intestinal feedback to temporarily pause gastric emptying. The hormone PYY, a suppressor of upper gut motility involved in the ileal brake, [36] [37] [38] [39] was used to test the potential of pharmacologically inducing two-peak curves. PYY, delivered 60 min after the egg meal to a cohort of 12 Balb/cJ mice, caused a dose-dependent difference in the frequencies of two-peak curves (P < .05, Chi-square; Figure 6A ). The proportion of two-peak curves from vehicle-treated (27%) and 8 nmol PYY-treated (17%)
tests were similar to untreated Balb/cJ mice (above). The higher doses of PYY, 25 nmol and 80 nmol, increased the proportion of two-peak curves (42% and 67%, respectively) in Balb/cJ mice to levels consistent with C57BL/6J mice (above).
Despite the appearance of two peaks, the average T 1/2 for the vehicle, 8 nmol, 25 nmol, and 80 nmol dosage groups were not different between the groups (T 1/2 ± SEM, P > .05, 1-way ANOVA Neuman-Keuls Comparisons test; Figure 6B , Table 5 ). The time to reach the second peak, however, was significantly different between vehicle and the 8, 25, and 80 nmol dosage groups (P < .001, 1-way ANOVA Neuman-Keuls Multiple Comparisons test; Figure 6C , Table 5 ). The average molar percent of 13 C for every 5 min time point was averaged for each mouse in a particular dose group to create an overall gastric emptying curve for each of the four dosage groups ( Figure 6D ). There was no significant difference between the vehicle and 8 nmol groups for any of the time points (P > .05, two-way
ANOVA Bonferroni Multiple Comparisons test). The 25 nmol group
was different from vehicle at 70-130 (P < .01) and 180 min (P < .05) and the 80 nmol was different form vehicle at 30 min (P < .05), between 60 and 125 min (P < .05), and at 215 (P < .01), and 225 min (P < .001, two-way ANOVA Bonferroni Multiple Comparisons test).
| D ISCUSS I ON
In this study, the [ 13 C]-octanoic acid breath test in mice was validated using the high throughput and high temporal resolution OA-ICOS analyzer. Implementing its use of OA-ICOS rather than gas chromatography or conventional infrared spectroscopy provides an increased sensitivity that generates reproducible and easy to fit data. The MIU feature, which automates the sampling process, increases the productive capacity (12 mice) of the assay. Using this system, Balb/cJ mice analyzed between interventions until 54 weeks of age maintained a stable T 1/2 for gastric emptying of a solid egg meal. Furthermore, OA-ICOS detected accelerated and delayed gastric emptying of both liquids and solids using pharmacological or physiological tools.
Gastric emptying curves that contain a second peak (ie more than one phase), although rare, has been observed in previous literature in both mice and humans with the solid meal. 2 However, a mathematical expression that was versatile enough to fit these data has only recently been described. 20 Putting to use our increased temporal resolution and analysis tool, the potential physiological bases for the presence of these two-peak curves were investigated.
We began by considering if complex curves were more prevalent in mice with diabetic gastroparesis. After development of diabetes, a
proportion of mice will develop delayed gastric emptying, 14, 15 which is evident by a slowing of GE or increase in T 1/2 . It was hypothesized that there would be an increase in the proportion of two-peak curves for delayed mice when compared to non-delayed groups. The T 1/2 values obtained for two mouse models of diabetes using the new analysis tools revealed comparable results to previously measured values. 14, 15 Likewise, the new analysis of these data revealed TA B L E 4 Gastric emptying parameters for meal size offered to C57BL/6J mice that T lag and R values were also slower in the Delayed groups compared to the Resistant and Non-Diabetic groups. Less consistent were changes in two-peak gastric emptying curves during diabetes.
For NOD/ShiLtJ mice, two-peak curves were present for approximately 17% of the mice and did not vary with diabetes or the rate of gastric emptying. For streptozotocin-treated B6;C3Fe a/a-Csf1<+> mice, the frequency of two-peak curves increased in the delayed group, but the representative curves and lack of difference in the T peak2 values between the Resistant and Delayed groups, suggest this increased frequency may reflect an increased ability to resolve the second phase when it constitutes a greater proportion of the entire meal. Therefore, the rate of gastric emptying reflected in the T 1/2 , T lag and R values is the dysfunction that occurs in a subset of diabetic mice rather than phase changes in individual mice. 
TA B L E 5 Gastric emptying parameters for PYY doses with Balb/cJ Mice
In this study, strain-dependent differences in gastric emptying were found between Balb/cJ and C57Bl/6J mice. The T 1/2 values of C57Bl/6J mice were double those observed in Balb/cJ mice. A transit study using RITC-Dextran confirmed this delay and demonstrated that at four hours, a large proportion of the solid egg meal had completely passed through the small intestine for the Balb/cJ mice but remained in the stomach and small bowel in C57Bl/6J mice. There were a significantly higher proportion of two-peak curves for the C57Bl/6J mice than Balb/cJ mice. The time of the first peak (T lag ) and the time of the second peak (T peak2 ) were both significantly faster in Balb/cJ mice compared to C57Bl/6J mice, suggesting that rather than just the presence of a second peak, there are likely fundamental differences in the physiology of gastric emptying between the two mouse strains. There are well recognized differences between Balb/ cJ and C57Bl/6J mice especially in the immune 40 unlikely that strain-related difference in stress responses could account for the strain-related differences in gastric emptying.
To further explore potential mechanisms for the differences in gastric emptying between Balb/cJ and C57Bl/6J mice, single strains were subjected to conditions to try and recapitulate what is observed in the opposite strain. Reducing the meal size in C57Bl/6J mice significantly accelerated gastric emptying. However, the gastric emptying rate in C57Bl/6J mice given 0.1 g meal was not as fast as Balb/cJ mice given 0.2 g egg, and there was no difference in the proportion of 2-peak curves in these mice offered the 0.1 g meal compared to the 0.2 g meal. Likewise, the time of the second peak was not affected by the meal size, suggesting that the occurrence of 2-peak curves may just be fundamentally more prevalent in C57Bl/6J mice.
Intestinal feedback to the stomach can inhibit gastric emptying. 48, 49 The most dramatic example of this is the physiological phenomenon known as the ileal break. The intestinal hormone PYY, secreted by enteroendocrine L cells is a known suppressor of upper gut motility and proposed to contribute to the ileal brake. [50] [51] [52] By delivering PYY to Balb/cJ mice during the gastric emptying test, we tested if we could create the complexity (increase proportion of two-peak curves) we observe in the C57Bl/6J mice.
PYY concentration-dependently increased the proportion of twopeak curves of Balb/cJ mice compared to saline-treated controls.
Likewise, the time of the second peak in PYY-treated mice were double those of the controls and similar to the time of the second peak observed in C57Bl/6J mice. These data suggest that twopeak curves may reflect intestinal feedback, which may occur with greater frequency in C57Bl/6J mice. However, the overall T 1/2 was not significantly different for any of the PYY dose groups when compared to vehicle. This suggests that although PYY can be used to induce a second peak during gastric emptying in Balb/cJ mice, it does not recapitulate the gastric emptying of the C57BL/6J mouse.
Collectively, this study demonstrates the utility of a high temporal These two-phase curves are more prevalent in streptozotocininduced diabetic mice with delayed gastric emptying, and in C57Bl/6J mice compared to Balb/cJ. The mechanisms contributing to differences in the physiology of the stomach between C57Bl/6J and Balb/ cJ mice requires further study. The occurrence of a second peak in gastric emptying curves likely reflects intestinal feedback to the stomach; however, the rate of gastric emptying is not influenced by the presence or absence of two peaks. Therefore, intestinal feedback, manifest as two-phase gastric emptying, may not contribute to diabetic gastroparesis, but may contribute to delayed gastric emptying in other conditions, for example, following pancreatoduodectomy.
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